The flutter analysis capability of the quasi-3D aeroelastic computational fluid dynamic (CFD) code UNSFLO is evaluated by comparing to unsteady pressure results in an oscillating cascade. The geometry is twodimensional and the oscillation is wellcontrolled. Time unsteady UNSFLO results are compared with data at inlet Mach number from 0.2 to 0.8 with incidence 0° and 10°. Three reduced frequencies, 0.4, 0.8, and 1.2 with interblade phase angle of 180 degrees were tested.
INTRODUCTION
Aircraft gas turbine engines are under ever increasing demands for improved performance and lighter weight. Modern fans are designed to have low aspect ratio, sweep, and damperless configurations. Payoffs for this type of design are high in terms of meeting performance and weight objectives. However, fans are increasingly crossing over the boundaries into sensitive or unstable aeroelastic regimes. The risk increased since aeroelastic vibration problem areas are typically not discovered until late in the engine development cycle, leading to schedule delays and cost ovemms.
In an effort to alleviate these difficulties, sophisticated computer codes are used to allow designers to predict the aeroelastic implications of various designs. Verdon & Casper (1982) and Whitehead (1982) developed linearized models to predict aerodynamic damping. He (1990) used Euler code with moving grid technique. The NASA Lewis Research Center and Mississippi State University (Bakhle et al., 1996) are currently developing a 3D Navier-Stokes flutter code, TURBO-AE, but this has not yet reached the maturity to be used as an aeroelastic design tool.
A quasi-3D code, UNSFLO, developed by Giles (1988 Giles ( , 1991 was chosen as an alternative. The objective of the present study is to evaluate the flutter prediction capability of the UNSFLO code. A linear cascade oscillating in torsion about the mid chord at small and large incidence is selected as a test case. The experiments were conducted by Buffum etal. (1996) at NASA Lewis Research Center. It is a good test case for flutter CFD codes validation because the oscillating cascade replicates the analysis assumptions very well. The geometry is twodimensional and the oscillation is wellcontrolled. Time unsteady test results were obtained for reduced frequencies from 0.4 to 1.2, for out-of-phase oscillation at Mach number from 0.2 to 0.8 and incidence angles of 0 and 10 degrees.
The computed steady state loading, the first harmonic of the unsteady pressure, and the unsteady aerodynamic work distribution along the blade surfaces are compared to experimental measurements.
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UNSFLO CODE The UNSFLO is a quasi-3D, Reynolds averaged, unsteady single-or multi-blade row Navier-Stokes code developed by Giles (1988 Giles ( , 1991 . The viscous terms are calculated in the 0-grid region which wrap around the airfoil surface, while the Euler equations are solved in the exterior zone. The exterior grid can be triangular or quadrilateral elements. Quasi-3D effects are included through the addition of stream tube height in the third dimension. Nonreflecting boundary conditions are incorporated for inlet and exit boundaries. The turbulence model used in the code is the Baldwin-Lomax (1978) model. The oscillating airfoil is modeled as a solid body with moving grid. The direct store techniques (Erdos & Alzner, 1978) are used for non-zero inter-blade phase angle conditions.
OSCILLATING CASCADE
All CFD-based aeroelastic tools obtain the aerodynamic work from the unsteady aerodynamic pressure distribution on the blade surface that results from blade vibration. A major impediment to validating aeroelastic tools has been the lack of experimental measurements of the unsteady pressure on the blade surface. Recently, the unsteady aerodynamic pressure on a cascade of airfoils oscillating in torsion about the mid-chord was investigated experimentally at NASA Lewis Research Center by The airfoil section was representative of a modem low aspect ratio fan blade tip section. The oscillating cascade data is particularly suitable for the validation of 2D analysis tools such as UNSFLO, because the oscillating cascade replicates the analysis assumptions very well.
A sketch of the test facility is shown in Fig. 1 . According to Buffurn, et al. (1996) , the test facility has a linear cascade wind tunnel which incorporates a high-speed drive system. The drive system imparts torsional oscillations to the cascade airfoils. The test conditions are at inlet Mach number from 0.2 to 0.8 with incidence 0 and 10 degrees. Three reduced frequencies (k), 0.4, 0,8 and 1.2, were tested. The reduced frequency is defined as:
where or is the frequency of oscillation C is the blade chord length V is the inlet velocity
The inter-blade phase angle for all test conditions was 180 degrees (out of phase motion of adjacent blades). The overall test conditions are listed in Table 1 . Table 1 The overall test conditions.
RESULTS

Computational Grid
The inviscid grid used in the analysis is a triangular grid in the outer region with 20 grids across the blade passage and 120 yids in the axial direction. The viscous equations are solved on an 0-grid with 17 grids normal to the airfoil. A global view of the computational grid is shown in Fig. 2 , along with an enlarge view of the leading edge area. For flutter calculations, all grid motion is restricted to the 0-grid region, and the outer grid region remains stationary.
Steady Loading
The steady state flow is a critical initial condition for unsteady UNSFLO analysis. The surface steady pressure distributions associated with the steady flow conditions at the matrix of incidence angles and inlet Mach numbers (see Table 1 ) are shown in Figs. 3-7. The steady pressure coefficient (Cp) from UNSFLO solution (lines) is compared with test data (symbols). The pressure coefficient is defined as:
where Pifi is the inlet static pressure, P is the blade surface static pressure, p is the inlet density and V is the inlet velocity. It is apparent from Figs. 3-7 that UNSFLO solutions have qualitative agreement with measured data but there are quantitative differences. Overall, the correlation is better at zero incidence than at high incidence. The correlation at M=0.5 appears to be superior than at M=0.2 and M=0.8 at high incidence. For low Mach number case, the compressible flow solver has difficulty to converge to the accurate solution. For high incidence cases, the vector diagrams indicate separation occurs in the leading edge area. This is consistent with oil pigment visualization of the flow during the test. The separation deteriorates the accuracy of the solution. Even when significant disagreement exists between the measured and calculated pressure distribution, the net loading on the blade appears to compare much better.
Unsteady pressure distribution
Predictions of the he first harmonic unsteady pressure coefficient and the aerodynamic work per cycle as a function of chordwise position are compared to test data in Figs. 8-16 . The rust harmonic unsteady pressure coefficient is defined as:
where P, is the first harmonic unsteady pressure a, is the amplitude of torsional oscillation a, = 0.0209 radian
The ultimate goal of a flutter analysis is to predict the stability of a blade row. The work done by the fluid on the airfoil per cycle of oscillation is proportional to the imaginary part of the moment coefficient, Cm, which is obtained by integrating the distribution of the Cm' where Cm' = (0.5-x/C) ACp ACp = (Cp),-(Cp),pre C is the blade chord length For single-degree-of-freedom motion typical of fan flutter, the sign of lm(Cm) determines the airfoil stability, with lm(Cm) positive indicating instability.
At zero incidence, the upper and lower surface pressure distributions agree reasonably well with test data at low Mach number (Fig. 8 ). This agreement, though, breaks down at higher Mach numbers, with discrepancies in both the level and the trend of the unsteady pressure distribution (Figs. 9-10 ). However, a comparison of the aerodynamic work (which is a measure of aerodynamic damping and ultimately of flutter behavior) shows that the chordwise trend is captured very well except at the leading edge. Near the leading edge, the UNSFLO predictions are conservative, the calculated aerodynamic work is more positive than the data.
Figs. 11-16 indicate that at higher incidence, the correlation becomes worse especially in the leading edge separation region. As at zero incidence, the aerodynamic work prediction is good except near the leading edge. However, unlike at zero incidence, the predicted aerodynamic work is not conservative compared to the data. The calculated aerodynamic work is more negative than the data. Large discrepancies extend from the leading to nearly mid-chord at the highest inlet Mach number (M=0.8, Figs. 15-16) .
At high incidence, UNSFLO predicts that an increasing in reduced frequency stabilize the flow. Comparing Figs. 12 -14 for M0.5 cases and Figs. 15-16 for M0.8 cases, the calculated aerodynamic work is more negative when increasing the reduced frequency. This trend is consistent with the data. In the immediate leading edge region, UNSFLO predicts a very high positive aerodynamic work for high incidence cases.
Comparing Figs. I I, 13, and 16; incidence and reduced frequency are held constant, UNSFLO appears to overpredict the unsteady pressure fluctuations at high inlet Mach number (M1.8).
In summary, UNSFLO appears to have captured the qualitative features of the unsteady pressure distribution, even at high incidence. UNSFLO captures the chordwise trend of the aerodynamic work. Large discrepancies exist at the leading edge separation region.
In general, UNSFLO appears to work better at intermediate reduced frequencies and Mach numbers. The most consistent agreement between analysis and data is at M3.5 and k=0.8. The discrepancies at leading edge is the worst for high Mach number and high incidence.
CONCLUSIONS
• Calculated steady state pressures show good correlation with test data for most of the cases.
• For zero incidence, calculated steady and unsteady pressures and aerodynamic work capture the chordwise distribution featured in the test data with small differences except in the near leading edge region.
• At high incidence, aerodynamic work correlation was poorer at locations from the LE to mid-chord especially at high Mach number. 
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